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1. INTRODUCTION {#ece36268-sec-0001}
===============

Across the tiger\'s range, habitat loss, degradation, and fragmentation have resulted in reduced habitat units that support smaller more isolated tiger populations. Conservation efforts are focused on reversing these trends by enlarging the land base that supports individual tiger populations through community forest and buffer zone programs, the addition of protected areas and by increasing connectivity between or among populations. However, most tiger populations are isolated from each other (Ranganathan, Chan, Karanth, & Smith, [2008](#ece36268-bib-0029){ref-type="ref"}), and thus, conservation of this endangered felid is largely an independent outcome of management efforts to conserve each separate population. Often the land is not available to increase the extent of habitat or improve connectivity. In this situation, the practical alternative is to improve habitat quality. This action consists of either restoring degraded habitat so that it supports a higher biomass of prey or through a reduction in poaching of both prey and tigers. The goal of all these activities is to increase the carrying capacity of the habitat so that the size, and thus the viability, of a population is augmented in a spatially limited land base.

As a starting point for improving tiger carrying capacity, to paraphrase Chakrabarti et al. ([2016](#ece36268-bib-0006){ref-type="ref"}), we need to know "what and how much" a tiger eats. This knowledge, combined with prey and habitat assessments, provides managers with the information to estimate current and potential future tiger carrying capacity of a specific reserve or landscape. Past studies of what and how much a tiger eats analyzed tiger diet by collecting scats to determine prey richness and to identify the tiger\'s primary prey. Diet studies typically estimate the biomass contribution of each prey species in a tiger\'s diet by analyzing scats to determine the biomass a single scat of each species represents.

McNab ([1980](#ece36268-bib-0026){ref-type="ref"}) investigated the nonlinear relationship between surface area and biomass of mammals in terms of energetic needs of a species. This same surface area to mass relationship determines the biomass of prey that a single scat represents. Floyd, Mech, and Jordan ([1978](#ece36268-bib-0012){ref-type="ref"}) used feeding trials to estimate the biomass of a prey species a single wolf scat represented. A few years later, Ackerman, Lindzey, and Hemker ([1984](#ece36268-bib-0001){ref-type="ref"}) modified this approach to develop a regression equation for mountain lions (*Puma concolor*). Their model has been used widely to estimate the biomass in the diet of many large felid species including most tiger diet studies prior to 2016. More recently, Chakrabarti et al. ([2016](#ece36268-bib-0006){ref-type="ref"}) revised Ackerman et al.'s ([1984](#ece36268-bib-0001){ref-type="ref"}) analysis to take into account satiation, prey digestibility, and carcass use by other carnivores that scavenge kills of primarily large prey. This revision suggests that biomass in a scat reaches an asymptote where the biomass per scat does not increase with increasing prey size. The model from Chakrabarti et al. ([2016](#ece36268-bib-0006){ref-type="ref"}) is based on the average ratio of prey weight to carnivore weight. Our study considers the impact of average prey weights of gaur and banteng, two of the largest tiger prey, on the diet of tigers in both the models (Ackerman et al., [1984](#ece36268-bib-0001){ref-type="ref"}; Chakrabarti et al., [2016](#ece36268-bib-0006){ref-type="ref"}).

Both models rely on estimating the average weight of each species consumed by tigers. Karanth and Sunquist ([1995](#ece36268-bib-0022){ref-type="ref"}) pioneered rigorous estimates of the average weight of the tiger\'s main prey. They determined the percentage of age and sex classes killed by tigers and used published weights of each age class, to calculate the mean weight of each of the tiger\'s main prey species. These weights have subsequently been used in most tiger diet studies. In South‐East Asia, a new and accurate estimate of average prey weights, especially of large prey, may be especially important for estimating prey biomass in a tiger\'s diet because the complement of large‐ and medium‐sized prey classes (Andheria, Karanth, & Kumar, [2007](#ece36268-bib-0004){ref-type="ref"}) differs from South Asia. Of note, three medium‐sized deer (*Axis porcinis, Panolia eldi, and Rucervus shcomburki*) have been extirpated in South‐East Asia (IUCN, [2019](#ece36268-bib-0019){ref-type="ref"}) resulting in a large prey size gap between wild boar (*Sus scrofa*) and other \<38 kg prey and the next larger prey, the sambar (*Rusa unicolor*), whose average weight is estimated to be 212 kg (Karanth & Sunquist, [1995](#ece36268-bib-0022){ref-type="ref"}). In South‐East Asia, two of the three largest tiger prey are gaur (*Bos gaurus*) and banteng (*Bos javanicus*) (Figure [1](#ece36268-fig-0001){ref-type="fig"}). Diet information, specific to South‐East Asia is needed to improve understanding of how to increase tiger carrying capacity in this region where habitat is fragmented and limited.

![Two of the largest prey of tiger in Huai Kha Khaeng (a) Male tiger feeding on gaur (*Bos gaurus).* (b) Female tiger and her cubs feeding on banteng (*B. javanicus*)](ECE3-10-5152-g001){#ece36268-fig-0001}

This study estimated mean weights of gaur and banteng killed by tigers. These averages will help elucidate the role of these two of the largest prey species in the regional diet of tigers. Using the same approach as Karanth and Sunquist ([1995](#ece36268-bib-0022){ref-type="ref"}), we estimated the proportion of sex and age class of gaur and banteng at tiger kill sites and obtained published weights of each age and sex class. The proportion of these size classes also provides insight into tiger predation strategies. Carbone, Pettorelli, and Stephens ([2011](#ece36268-bib-0005){ref-type="ref"}) generalized that the prey to predator biomass ratio has a stronger impact on larger carnivores than it does on smaller carnivores. Hayward et al. ([2006](#ece36268-bib-0014){ref-type="ref"}), Hayward, O'Brien, and Kerley ([2007](#ece36268-bib-0017){ref-type="ref"}) refined this generality to predict the optimum prey sizes for several large carnivores; for tigers, the ratio was reported to be 1:1 (Hayward, Jedrzejewski, & Jedrzewska, [2012](#ece36268-bib-0015){ref-type="ref"}). These generalizations provide insight into evolutionary dynamics of these species, but the additional challenge for conservation biologists and managers is to understand the factors that result in a deviation from these generalities that are important to conservation. For example, in South‐East Asia, tigers depend more on larger prey than in South Asia due to the extirpation of three medium‐sized species of deer (Simcharoen, Simcharoen, Duangchantrasiri, Bump, & Smith, [2018](#ece36268-bib-0030){ref-type="ref"}).

Using dental annuli and horn characteristics to classify age and sex of gaur and banteng, combined with published weights for these classes (Ahrestani, [2018](#ece36268-bib-0002){ref-type="ref"}; Hoogerwerf, [1970](#ece36268-bib-0018){ref-type="ref"}), enabled us to calculate the average weights of gaur and banteng killed by tigers. These weights are key to estimating the biomass of these species in the diet of tigers. Because adult male gaur are 1.3 times larger than adult male banteng, and males of both species are \>3.5 times larger than Hayward et al. ([2012](#ece36268-bib-0015){ref-type="ref"}) optimum 1:1 predator to prey ratio, we hypothesize that these species, and especially the large size classes, are approaching the maximum size limit of tiger prey. Support for this hypothesis would be (a) male tigers kill a smaller percentage of larger adult male gaur than smaller adult banteng, (b) female tigers, which average two thirds the weight of adult male tigers, kill a smaller percentage of adult males of both species compared with male tigers, and (c) female tigers kill fewer males of both species compared with males. It is important to note that our research does not imply prey preference (Hayward et al., [2012](#ece36268-bib-0015){ref-type="ref"}); we simply report size, sex, and age class of gaur and banteng killed by tigers in our study area.

2. MATERIALS AND METHODS {#ece36268-sec-0002}
========================

2.1. Study area {#ece36268-sec-0003}
---------------

The study was conducted in Huai Kha Khaeng Wildlife Sanctuary (HKK) (2,780 km^2^) and has the highest density of tigers in Thailand (1.25--2.01/100 km^2^) (Duangchantrasiri et al., [2016](#ece36268-bib-0009){ref-type="ref"}). HKK is also the core sanctuary in a complex of 17 protected areas that form the 18,727 km^2^ Western Forest Complex (WEFCOM) (Figure [2](#ece36268-fig-0002){ref-type="fig"}). This complex supports the largest tiger population in Thailand (DNP, [2010](#ece36268-bib-0008){ref-type="ref"}) and perhaps the 4th largest globally (Kenney, Allendorf, McDougal, & Smith, [2014](#ece36268-bib-0023){ref-type="ref"}). HKK combined with adjacent reserves, Thung Yai Naresuan East Wildlife Sanctuary and Thung Yai Naresuan West Wildlife Sanctuary, is considered a source for re‐establishing tigers throughout the region. Much of the rest of WEFCOM is subject to prey depletion from poaching, and therefore, it is estimated that tigers occur in only 37% of WEFCOM (Duangchatrasiri et al., [2019](#ece36268-bib-0010){ref-type="ref"}). HKK is composed of four main vegetation types: mixed deciduous forest (48.3%), dry evergreen forest (24.7%), hill evergreen forest (13.4%), and dry deciduous dipterocarp forest 6.9% (Trisurat, [2004](#ece36268-bib-0033){ref-type="ref"}). Although elevation ranges from 200 to 2,180 m, it generally varies from 600 to 1,000 m. HKK has South‐East Asia\'s highest diversity of large ungulates which include gaur, banteng, sambar, and water buffalo (*Bubalus bubalis*); together these species compose 90.3% of tiger diet. An additional 12 species constitute the other 9.7% of the diet (Simcharoen et al., [2018](#ece36268-bib-0030){ref-type="ref"}). Pakpien et al. ([2017](#ece36268-bib-0027){ref-type="ref"}) documented 11 of the tiger\'s 16 known prey species at kill sites. Our study site coincided geographically with these two research locations.

![Location of Huai Kha Khaeng Wildlife Sanctuary (HKK) and Khao Nang Rum Wildlife Research Station (KNRWRS) in the Western Forest Complex (WEFCOM), Thailand](ECE3-10-5152-g002){#ece36268-fig-0002}

2.2. Data collection and analysis {#ece36268-sec-0004}
---------------------------------

At kill sites (15 00′--15 40′ N, 99 00′--99 25′ E), we collected the lower mandible of each gaur or banteng for aging. We determined sex of adult animals based on the configuration of horns (Ahrestani, [2018](#ece36268-bib-0002){ref-type="ref"}). The ages of calves and juveniles were determined by teeth eruptions sequence (Dyce, Sack, & Wensing, [2009](#ece36268-bib-0011){ref-type="ref"}). For adult prey, we extracted the first molar from the mandible, washed the tooth in water, decalcified it in a weak acid solution (HNO3 5%), and finally rinsed it again in water to stop decalcification (Klevezal, [1996](#ece36268-bib-0025){ref-type="ref"}; Spinage, [1976](#ece36268-bib-0032){ref-type="ref"}). Each molar was then dehydrated in isopropyl alcohol, frozen, and sectioned with a microtome to create 15--20 µm longitudinal cross‐sectional slices that were mounted on a glass slide. Slices were stained with Giemsa blood and labeled; stained sections were subsequently examined at 10x magnification, and cementum annuli were counted (Figure [3](#ece36268-fig-0003){ref-type="fig"}). We concluded that the local single rainy season resulted in a single annuli pattern in western Thailand and confirmed this by comparing annuli data to horn patterns (Ahrestani & Prins, [2011](#ece36268-bib-0003){ref-type="ref"}). A single cementum annuli in tropical ungulates was first reported by Spinage ([1976](#ece36268-bib-0032){ref-type="ref"}). We also followed Ahrestani and Prins ([2011](#ece36268-bib-0003){ref-type="ref"}) in grouping ages into the following classes: calves (0--1 year), juveniles (\>1 to 3 years), young adult (\>3 to 6 years), and mature adults (\>6‐years).

![Samples (1) and (2) are from banteng; the left is eight years old (BHKK28); the right is 13 years old (BHKK53). A = cementum, B = dentine, black dots = cementum annuli](ECE3-10-5152-g003){#ece36268-fig-0003}

To determine mean prey size killed by tigers, we multiplied the frequency of each age class, or for adults the sex and age class, by the estimated weight of that class. Age class weights were derived from Ahrestani ([2018](#ece36268-bib-0002){ref-type="ref"}) and Hoogerwerf ([1970](#ece36268-bib-0018){ref-type="ref"}). Estimated mean sizes of prey species killed by tigers are used by Ackerman et al. ([1984](#ece36268-bib-0001){ref-type="ref"}) and Chakrabarti et al. ([2016](#ece36268-bib-0006){ref-type="ref"}) to calculate the biomass represented by a single scat of each prey species. We also compared the mean weight of gaur and banteng killed by tigers. To evaluate the hypothesis that gaur and banteng are approaching the limit of prey size killed by tigers, we conducted 3 chi‐squared tests comparing the number of kills by male and female tigers of adult male gaur and banteng.

3. RESULTS {#ece36268-sec-0005}
==========

From June 2005 to May 2017, we visited kill sites of 24 radio---collared tigers (9 males and 15 females) and recorded a total of 82 gaur and 79 banteng kills based on carcass or skeletal remains. Of all gaur killed, 15.9% were adult males and 29.3% were adult females; adult male banteng comprised 29.1% of kills and 26.6% of kills were adult females. (Table [1](#ece36268-tbl-0001){ref-type="table"}). In contrast, calves composed 39% of gaur kills versus 26.6% of banteng kills. As a consequence, despite the fact gaur males were approximately 1.3 times heavier than male banteng, and gaur females were 1.1 times the weight of female banteng, the average weights of both gaur killed (397.9 kg) was less than the average weight of banteng killed (423.9 kg) (Table [1](#ece36268-tbl-0001){ref-type="table"}).

###### 

Mean weights of gaur (*Bos gaurus*) and banteng (*B. javanicus*) killed by tigers based on number of kills in different sex and age classes and published weights of those classes from Ahrestani ([2018](#ece36268-bib-0002){ref-type="ref"}) and Hoogerwerf ([1970](#ece36268-bib-0018){ref-type="ref"})

  Species   Adult male   Adult female   Young adult   Juvenile   Calf   Mean weight                                                     
  --------- ------------ -------------- ------------- ---------- ------ ------------- --- ----- ----- --- ------ ----- ---- ------ ---- -------
  Gaur      13           25.6           900           24         19.5   650           6   7.3   388   7   8.5    200   32   39.0   50   397.9
  Banteng   23           32.9           700           21         22.8   600           6   7.6   356   8   10.1   200   21   26.6   50   423.9

John Wiley & Sons, Ltd

Based on the average sex and age class weights, and the number of kills in each class, the average weight of adult gaur kills was 737.8 kg and they composed 83.7% of the biomass of gaur killed by tigers. Similarly, the mean adult banteng killed weighted 652.2 kg and adults composed 85.6% of biomass of this species killed by tigers. Adults composed 48.8% of gaur and 79.4% of banteng killed by male tigers; whereas, adult gaur and banteng composed 41.1% and 37.8% of female kills, respectively (Table [2](#ece36268-tbl-0002){ref-type="table"}).

###### 

Percentage and numbers of sexes and age classes of gaur (*B. gaurus and B. Javanicus*) killed by male and female tigers

  Tiger sex   species     Male \>6 years   Female \>6 years   Yg. Ad \>3 to 6 years   Juv. \>1 to 3 years   Calves 0--1 year
  ----------- ----------- ---------------- ------------------ ----------------------- --------------------- ------------------
  Male        Gaur        20.9% (9)        27.9% (12)         11.6% (5)               9.3% (4)              30.2% (13)
  Female      10.3% (4)   30.8% (12)'      2.6% (1)           7.7% (3)                48.7% (19)            
  Male        Banteng     47.1% (16)       32.4% (11)         8.8% (3)                2.9% (1)              8.8% (3)
  Female      15.6% (7)   22.2% (10)       6.7% (3)           15.6% (7)               40.0% (18)            

John Wiley & Sons, Ltd

None of the prediction that we suggested would be support for the hypothesis that gaur and banteng are approaching the size limit of tiger prey were significant. Prediction 1: Male tigers killed fewer adult gaur (*n* = 21) compared with adult banteng (*n* = 27), but the difference was not significant (*χ* ^2^ = 0.75 (1), *p* = .386). Prediction 2: Females also killed fewer adult male bovids (*n* = 11) than adult female bovids (*n* = 21), but the difference was not significant (*χ* ^2^ = 2.133 (1), *p* = .063). Prediction 3: Females did not kill significantly fewer adult gaur and banteng (*n* = 33) than male tigers did (*n* = 48) (*χ* ^2^ = 3.13 (1), *p* \< .090). Given that our three predictions were not supported by significant results, our hypothesis that gaur and banteng are near the upper size limit of tiger prey is not confirmed.

4. DISCUSSION {#ece36268-sec-0006}
=============

An important contribution of this study is the re‐evaluation of the role of bovids in the diet of tigers. Most tiger populations are small and near a critical size threshold where viability is threatened (Kenney et al., [2014](#ece36268-bib-0023){ref-type="ref"}). Furthermore, the majority of these small populations currently lack suitable habitat outside of reserves to expand the land base needed to support larger, more viable populations (Ranganathan et al., [2008](#ece36268-bib-0029){ref-type="ref"}). In this situation, the primary option for managers who seek to increase population size is to improve habitat carrying capacity. To accomplish this, it is critical to know which species tigers eat and the importance of each species in the diet of tigers. This information comes primarily from previously published diet studies. For example, Simcharoen et al. ([2018](#ece36268-bib-0030){ref-type="ref"}) reported that gaur and banteng, two of the largest prey that tigers consume, compose 46%--59% of the tiger\'s diet. However, in that study, the authors used Karanth and Sunquist's ([1995](#ece36268-bib-0022){ref-type="ref"}) average gaur weight of 287 kg for both gaur and banteng. Our study estimated the average weight of these species in Thailand following a similar approach to Karanth and Sunquist ([1995](#ece36268-bib-0022){ref-type="ref"}). A reassessment of mean weight of these species killed by tigers was needed because Sunquist and Karanth\'s estimate was the only previous, rigorous estimate published. Furthermore, the biomass of large bovids in the tiger\'s diet is higher in South‐East Asia compared with South Asia because a medium‐sized prey, common in the tiger\'s diet in South Asia (e.g., *Axis axis*), is lacking. We found the average size of gaur killed by tigers in South‐East Asia is nearly 1.35 times greater than the average size in South Asia. This difference may be attributed to the fact that adult male gaur represent only 14.6% of gaur kills in South Asia versus 25.5% of kills in South‐East Asia. In contrast in South Asia, 58% of kills were calves versus 39% in South‐East Asia. We do not speculate on these differences as they could reflect a variety of ecological or behavioral differences (e.g., degree of cover, herd sizes).

An important question is how does our revised estimate of mean prey size of these two tiger preys impact tiger diet estimates and potential tiger habitat carrying capacity. Using Ackerman et al. ([1984](#ece36268-bib-0001){ref-type="ref"}) linear equation, our re‐estimate of the mean weight of gaur and banteng killed by tigers increases the estimated biomass per scat from 12 to approximately 16 kg per scat, thus substantially increasing the biomass estimate of these two species in the tiger diet. However, Chakrabarti et al. ([2016](#ece36268-bib-0006){ref-type="ref"}) regression of scat biomass weights does not increase the per scat biomass because their equation reaches an asymptote when the prey\'s weight is approximately equal to the weight of the predator. Chakrabarti and colleagues make a persuasive argument that tigers may reach satiation ("gut fill") before completely consuming an entire gaur or banteng carcass. They extend their argument with the suggestion: "since handling costs and risk of injuries usually increase with prey size (Hayward & Kerley, [2005](#ece36268-bib-0016){ref-type="ref"}), we postulate that tropical felids would tend to gain more by predating on prey roughly equal to or less than their own sizes and not from larger prey."

Hayward and Kerley ([2005](#ece36268-bib-0016){ref-type="ref"}) make a cogent argument, but why then do tigers in Thailand kill a major proportion of their prey that weighs 4--4.5 times more than their own average body weight, thus deviating from Hayward et al. ([2012](#ece36268-bib-0015){ref-type="ref"}) prediction of preferred prey size? The answer may be, they kill what is available. Although female tigers killed fewer adult gaur and banteng (*n* = 33) than male tigers (*n* = 48), they did kill 11 adult male bovids (31% of adult male bovids killed by tiger). Ackerman et al.'s ([1984](#ece36268-bib-0001){ref-type="ref"}) prey biomass model does not address gut fill, but according to Chakrabarti et al.'s ([2016](#ece36268-bib-0006){ref-type="ref"}) model, a large portion of the 81 adult gaur and banteng kills are not utilized by tigers. These authors suggest that scavengers play a role in consumption of larger tiger kills. We agree. Tigers often leave carcasses in the heat of the day to seek shade, drink water, and rest, particularly when a kill is made more open environments. Scavengers use these opportunities to feed on tiger carcasses. In contrast, if a female with large cubs kills in dense cover near water, she and her offspring are likely to remain nearby and there is little opportunity for other species to scavenge. However, neither Chakrabarti et al.'s or Ackerman et al.'s research, or previous diet studies, have adequately estimated the role of scavenging or its impact on the biomass of large prey in the tiger\'s diet. Camera trap photographs have documented many other species at kill sites; for example, we recently recorded three Asian water monitors (*Varanus salvator*) (\~1.4 m long) and several wild boars (*Sus scrofa*) scavenging an adult banteng kill between tiger feeding bouts at HKK (unpublished data).

Another unexplored factor in Chakrabarti and colleagues' model is the mean weight of tigers; they used an average tiger weight estimated by Prater and Barruel ([1971](#ece36268-bib-0028){ref-type="ref"}). In their model, our re‐estimate of gaur and banteng weights may not impact diet estimates, because gut fill and scavenging limit tiger utilization of large bovids. However, our new weight estimates may be important when taking into account the combined consumption of a female and large cubs feeding on a kill. Female tigers, often with interbirth interval of \<22 months (Kerley, Cowling, Boshoff, & Sims‐Catley, [2003](#ece36268-bib-0024){ref-type="ref"}; Smith & McDougal, [1991](#ece36268-bib-0031){ref-type="ref"}), are rarely without cubs. Furthermore, tigresses continue to be the primary provider when young males are larger than their mother and daughters are nearly her size. With 2--3 offspring, a 136 kg female is providing for the equivalent of 3--4 adults just prior to her litter becoming independent; their combined family weight is 408--544 kg. If Chakrabarti\'s model were adjusted to reflect the mean weight of a mother and her young, it would clarify the role of large bovids in the diet of tigers. We plan to collaborate with Chakrabarti in the future to incorporate family size and scavenging in diet studies.

5. CONSERVATION IMPLICATIONS {#ece36268-sec-0007}
============================

Our reassessment of average prey weights of gaur and banteng killed by tigers may impact estimate of the proportion of biomass in the diet of tigers. Tiger diet studies have traditionally relied on the average weights of prey species estimated by Karanth and Sunquist ([1995](#ece36268-bib-0022){ref-type="ref"}) at a single location in India. Other tiger diet studies have used different average prey weights but provided little supporting methodology for these estimates. Given widespread prey depletion (Karanth & Stith, [1999](#ece36268-bib-0021){ref-type="ref"}) coupled with the reduced land base supporting many tiger populations and limited opportunities to increase habitat connectivity, a careful assessment of all aspects of the food base for tigers is needed. Rigorous models for determining the biomass of species in a tiger\'s diet need to be supported by accurate field data on the average weight of species killed and the proportion of carcasses consumed. Together this information will allow managers to give the same attention to prioritizing prey species for restoration that this topic has received in North America, Europe, and Australia (Di Marco et al., [2017](#ece36268-bib-0007){ref-type="ref"}). Our study suggests that gaur and banteng are important target species for conservation efforts that restore the tiger\'s prey base in South‐East Asia. Furthermore, Duangchatrasiri et al. ([2019](#ece36268-bib-0010){ref-type="ref"}) and Jornburom ([2016](#ece36268-bib-0020){ref-type="ref"}) have shown that the restoration of these bovids can have a major impact on the distribution of tigers in WEFCOM.
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